The mutation rate (m) is a key biological feature of somatic cells that determines risk for malignant transformation, and it has been exceedingly difficult to measure in human cells. For this purpose, a potential sentinel is the X-linked PIG-A gene, because its inactivation causes lack of glycosylphosphatidylinositol-linked membrane proteins. We previously found that the frequency ( f ) of PIG-A mutant cells can be measured accurately by flow cytometry, even when f is very low. Here we measure both f and m by culturing B-lymphoblastoid cell lines and first eliminating preexisting PIG-A mutants by flow sorting. After expansion in culture, the frequency of new mutants is determined by flow cytometry using antibodies specific for glycosylphosphatidylinositol-linked proteins (e.g., CD48, CD55, and CD59). The mutation rate is then calculated by the formula m = f/d, where d is the number of cell divisions occurring in culture. The mean m in cells from normal donors was 10.6 Â 10 À7 mutations per cell division (range 2.4 to 29.6 Â 10 À7 ). The mean m was elevated >30-fold in cells from patients with Fanconi anemia (P < 0.0001), and m varied widely in ataxia-telangiectasia with a mean 4-fold elevation (P = 0.002). In contrast, m was not significantly different from normal in cells from patients with Nijmegen breakage syndrome. Differences in m could not be attributed to variations in plating efficiency. The mutation rate in man can now be measured routinely in B-lymphoblastoid cell lines, and it is elevated in cancer predisposition syndromes. This system should be useful in evaluating cancer risk and in the design of preventive strategies. (Cancer Res 2005; 65(18): 8111-7)
Introduction
In microbial organisms, the rate of mutation can be measured by Luria-Delbrück fluctuation analysis (1) or in continuous cultures (2, 3) . By such methods, the rates of inactivating ( forward) mutations in lacI in Escherichia coli and CAN1 in Saccharomyces cerevisiae have been estimated to be 4 Â 10 À7 and 1 Â 10 À7 , respectively (4, 5) . In higher organisms, it is now accepted that accumulation of spontaneous mutations in somatic cells can lead to malignant transformation (6, 7) . Indeed, if mutations in n genes are required for malignant transformation and f x is the frequency of cells with a mutation in a given gene, the probability that any one cell will have all of the mutations required can be expressed as f 1 Áf 2 Áf 3 . . .f n . Because f x will be a product of the rate of new mutations in a specific gene per cell division (l x ) and the number of cell divisions (d) that have occurred since embryogenesis, this expression can be written as = l 1 dÁl 2 dÁl 3 d. . .l n d. Using l as the geometric mean of the mutation rates for the genes involved, and k as a constant <1, to account for cell death, the probability (P) of a cell becoming malignant can be expressed as P = k(ld) n . Thus, P increases as a power function of both l and d. Because d increases with age, this formula is consistent with the general increase in cancer rates with age (8) . Although l is well recognized as a critical variable (see discussion in ref. 9) , in the 60 years since Luria and Delbrück's landmark study, measuring l in man remains quite challenging.
We previously described a technique for determining f for the X-linked PIG-A gene in humans (10) . The PIG-A gene encodes one of the subunits of an enzyme essential for an early step in the biosynthesis of glycosylphosphatidylinositol (GPI; refs. 11, 12) . Deficiency of GPI-linked proteins from the surface of blood cells is characteristic of the human disease paroxysmal nocturnal hemoglobinuria (PNH), and it results from somatic mutations of PIG-A (13). Spontaneously arising PIG-A mutations have been identified in a broad range of cell types (10, (14) (15) (16) . Mutant cells cannot express the set of proteins that require GPI for attachment to the cell surface (the ''GPI-anchored'' proteins)-resulting in cells with a ''GPI-negative phenotype''-which can coexist with normal cells in stable proportions over a prolonged period of time in humans (17) and mice (18) . We now use these properties of PIG-A to directly measure l in human cells.
Materials and Methods
Cell lines. Normal B-lymphoblastoid cell lines (BLCL) were a gift from Dr. Gunther Koehn and Dr. Nathan Ellis (Memorial Sloan-Kettering Cancer Center, New York, NY). Cell lines from patients with cancer predisposition syndromes are summarized in Table 1 . BLCLs from patients with PNH (19) were generated as previously described (20) . Patients with PNH are somatic cell mosaics, or ''somatic chimeras'' and harbor GPI + and GPI À subpopulations of hematopoietic cells: sometimes both can be represented within a BLCL generated from their lymphocytes. Such cell lines were used to set gates for flow cytometry analysis. Cell sorting to eliminate preexisting mutants. Cells were stained on ice with a fluorochrome-conjugated antibody that recognizes the GPI-linked protein CD59 (MEM43a, RDI, Flanders, NJ) and then sorted on a FACS Vantage instrument (Becton Dickinson, Franklin Lakes, NJ). Live cells were identified by light scatter characteristics and doublets excluded by pulse width. In order to eliminate preexisting mutants, only the brightest staining 50% of the distribution curve was collected. This step allows side by side comparisons of cell lines derived from individuals of different ages or which have different in vitro replicative histories that might influence mutant frequencies. Using artificial mixtures of GPI + and GPI À cells, we showed that the cytometer can eliminate the GPI À cells with 95% to 99.6% accuracy.
To minimize the chance of mutational drift, we aimed to use at least 10 6 collected CD59 + cells to establish the starting population. This was achieved in 90 of 103 cell cultures established.
Cell counts and culture conditions. After sorting, live cells were counted by trypan blue exclusion using a hemacytometer. Cells were then grown in flasks in RPMI (Gibco, Grand Island, NY) with 15% FCS (Summit Biotechnology, Ft. Collins, CO), nonessential amino acids (Gibco), L-glutamine (Sigma, St. Louis, MO), and penicillin/streptomycin (Gemini Bio-products, Calabassas, CA) at 37jC, with 100% humidity and 5% CO 2 . After at least 2 weeks in culture, the cells were recounted and the number of cell divisions (d) calculated as d = log 2 (total cell count after expansion / total cell count prior to expansion). In cases where the large volume of culture required reduction, the cells were recounted, split, and returned to culture; here d was calculated as the sum of the d values obtained for each individual expansion.
Preparation of cells for flow cytometry. To eliminate debris, cells were centrifuged over a Ficoll-Hypaque gradient (Amersham-Pharmacia, Uppsala, Sweden), washed, and stained for flow cytometry in a modification of our previously described technique (10) . Cells were first stained with a mixture of unconjugated murine antibodies specific for three GPI-linked proteins: CD59 (MEM 43a, RDI), CD55 (MCA 1614, Serotec, Oxford, United Kingdom), and CD48 (MCA1103, Serotec). These antibodies were used at dilutions of f1:5, 1:10, and 1:400, respectively. The cells were then washed twice and stained with a 1:5 dilution of R-phycoerythrin-conjugated F(abV ) 2 fragment rabbit anti-mouse immunoglobulin (RAM-PE, DAKO, Glostrup, Denmark), washed twice again and then stained with a 1:10 dilution of a FITC-conjugated antibody specific for HLA-DR, (Becton Dickinson), a non-GPI-anchored transmembrane protein. To ensure that the entire cell population came in contact with the antibodies, we added antibodies prior to resuspension of the cells, which were then briefly recentrifuged and resuspended before incubation on ice. This was done to prevent any cells from being sequestered in any of the staining reactions. Each of the three incubations was done for at least 30 minutes at a concentration of 10 8 cells/ mL. Cells were passed through a 40 Am filter (Becton Dickinson), and propidium iodide (Sigma) was added at a final concentration of 0.15 Ag/mL immediately prior to analysis.
Flow cytometry analysis to measure f. Cells were analyzed on a Becton Dickinson FACScan using CellQuest software. Live cells were identified by light scatter characteristics and exclusion of propidium iodide, and were also positively identified by expression of HLA-DR, as indicated by fluorescence of FITC, registering on FL1 (horizontal axis, Fig. 1 ). The normal (GPI + ) cell populations express high levels of the GPI-anchored proteins as determined by phycoerythrin fluorescence, registering typically in the third to fourth decade of FL2 (vertical axis, Fig. 1 for the GPI À population in the study sample was set in order to capture at least 90% of the control GPI À cells and also so as not to include the tail of the distribution curve of the GPI + population. f was calculated as the number of gated GPI À cells / number of gated GPI + cells (the number of GPI À cells was always small enough so as not to significantly affect the denominator of this equation for f ). In order to maximize the accuracy of the measurements of f, a median of 1.3 Â 10 6 gated events were counted. Calculation of m and statistical analysis. Because we eliminated preexisting mutants prior to expansion in culture, the mutation rate could be calculated with the simple formula: l = f/d , given new mutants arising in each cell division with a probability of l and given exponential growth of the mutants that arise and exponential growth of the wild-type population (see derivation in ref. 21) . Comparisons between the four groups were done with a two-sided nonparametric test, using the mean of the ranks for cell lines with repeat measurements. Of the 50 data points in Fig. 3 Complementary DNA sequences were amplified using the following PCR primers: (a) forward 5VGAGGACACATCTCTTAACTGG, reverse 5VGTATCACAAAGAGACACGG; (b) forward 5VCCAGAGTTGGTGGAA-TTCCTGAG, reverse 5VCCCCCAAAAGCAAGGTTATT. Genomic sequences were also amplified with the following primer pairs: (a) for exon 2, forward 5VTGGAATGTGTTTTGTTTCTGAGCTG, reverse 5VCAAGTATTCAACAG-CTTTCTATAG; (b) for exon 3, forward 5VTCTCCTTTATGGAGTGCA-TAGC, reverse 5V AGAAGCAACACACCTAAGG; (c) for exons 4 to 5, forward 5V GTGTAATATAAATAGCAGACTTGG, reverse 5V CACCTGGAAGAGA-TTTCATCAAC. Amplified sequences were determined by automated sequencing.
Plating efficiency. In order to make sure that we are not underestimating d due to a low plating efficiency in bulk cultures, viable cells were counted by trypan blue exclusion daily for the first week after sorting. The cell counts after day 0 were plotted on the vertical axis on a logarithmic scale with time on the horizontal axis. The cell count was extrapolated back to time zero by linear regression and the intercept on the vertical axis was taken as the minimal number of cells generating the expanded culture if it was less than the actual cell count on day 0. The plating efficiency was calculated as the extrapolated y-intercept divided by the observed cell count on day 0. In cases where the y-intercept was equal to or higher than the starting number of cells, the plating efficiency was considered to approximate 100%. An adjusted value for d was calculated (d a ) using the y-intercept (or the actual cell count if it was less than the y-intercept) and subsequent cell counts within the first week, in order to take into account both the plating efficiency and any early loss of cells from the culture.
Results
Measurement of f and m in the PIG-A gene. In pilot studies using flow cytometry we found rare GPI À cells within a normal BLCL culture ( from normal donor 1) at a frequency of 8 Â 10 À6 , a number close the frequency of GPI-negative granulocytes and RBC from healthy volunteers (10). We next analyzed AT1ABR, derived from a patient with ataxia-telangiectasia, who is homozygous for the ATM 7636 del 9 mutation (22); here the frequency of GPI À cells was 50 Â 10 À6 . Based on pilot experiments incubating cell lines with FLAER-Alexa488 ( fluorescent aerolysin) prior to staining with antibodies specific for GPI-linked proteins, we have shown that the phycoerythrin-negative cell population we observe is also FLAERnegative. This confirms that the appearance of small GPI À cell populations cannot be accounted for by any sequestration of cells during the first two staining reactions. Because f may be influenced in vivo by the number of cell divisions occurring in lymphocytes and in vitro by the replicative history of the cell line, we proceeded to eliminate preexisting mutants by physical flow sorting, in order to start with a purely wildtype population of cells in all cases, which would then be expanded in vitro followed by determination of f. An illustrative example of this procedure is given in Fig. 1 . Based on the frequency of GPI À cells and our data on the purity of the sorting, we estimate that the number of residual unsorted GPI À cells in the population is sufficiently low to allow us to use the simple formula l = f/d, where f represents the mutant frequency measured at the end of expansion in vitro.
Reproducibility of the determination of m. From 15 experiments carried out over a period of 2 years, the mean l value for the cell line from normal donor 1 was 3.4 Â 10 À7 mutations per cell . Because these cells must have arisen by spontaneous mutation in culture, we use the formula l = f/d to calculate that l = 36 Â 10 À7 mutations per cell division. Although there may be a delay between the occurrence of a mutation and its phenotypic expression, in our procedure, a similar lag would occur at the time of sorting and at the time f is measured: thus, the two effects would tend to offset each other.
division. Fourteen values clustered very close to the mean; there was only one outlier value (Fig. 2) . A similar analysis was carried out on the cells from a patient with ataxia-telangiectasia, AT1ABR. A homozygous cell line was chosen because its mutant phenotype cannot revert during prolonged culture by intragenic recombination, as has been reported in Bloom's syndrome (23) . In 15 cultures established over 10 months, the mean l was 110 Â 10 À7 mutations per cell division (Fig. 2) . PIG-A mutations in spontaneously arising GPI À cells.
Individual clones from GPI À cell lines spontaneously arising within a BLCL population were subjected to sequence analysis of the coding region of PIG-A (19). A PIG-A mutation was found in all cases. For instance, in two clones from a GPI À cell line derived from the cell line from normal donor 1, we found a 121 delT mutation. In 26 GPI À clones from the ataxia-telangiectasia cell line AT1ABR we identified the following mutations: 715 G!T (239G!W, in 15 clones); 979C!T (327Q!Stop, in 1 clone); 1331G!A (444W!Stop, in 1 clone); a truncated PCR product, suggestive of an exon deletion was found in 9 clones. This spectrum of mutations is similar to that described in patients with PNH (19) and in GPI À granulocytes spontaneously arising in normal individuals (10) . Analysis of m in cancer predisposition syndromes. In eight normal BLCLs, the mean l value was 10.6 Â 10 À7 (range 2.4-29.6 Â 10
À7
) mutations per cell division (Fig. 3) . In cell lines from patients with Fanconi anemia (representing complementation groups A, B, C, G, and D2), l was markedly increased (Fig. 3) , with a mean of 411 Â 10 À7 (range 36-1,175 Â 10
, P < 0.0001). In contrast, in cell lines from six patients with Nijmegen breakage syndrome, there was only a slight elevation of l, with a mean of 14.6 Â 10 À7 (range 8.8-26 Â 10
; P = not significant for the comparison with the normal group, P < 0.0001 for the comparison with the Fanconi anemia group; Fig. 3 ). Analysis of cell lines from 30 patients with ataxia-telangiectasia revealed a more complex pattern (Fig. 3) : the mean l value, 40.1 Â 10
, was almost 4-fold elevated compared with the normal (P = 0.002), and 10-fold lower than the Fanconi anemia group (P < 0.0001). There was wide scatter in the values, which overlapped with the l values for both the normal and the Fanconi anemia groups. Some of the variance in the ataxia-telangiectasia group might have been due to heterogeneity of the ATM mutations; however, within four out of nine pairs of affected siblings (who have identical ATM genotypes), one sibling had a high and the other sibling had a low l value. We infer that, as for radiation sensitivity in ataxia-telangiectasia (24), other genes must have a modifying influence on l.
Optimal time in culture for the measurement of m . It was important to determine whether the measurement of l would be influenced by the duration of in vitro expansion. In order to verify this, bulk cultures from representative cell lines were sampled and analyzed at multiple time points (Fig. 4) . No significant trend over time was seen. Although this finding is consistent with our understanding that GPI À lymphoblastoid cells have neither a growth advantage nor disadvantage, we sought to show this directly. We therefore analyzed longitudinally a single BLCL derived from a patient with PNH. Initially GPI À cells comprised 61% of the cell population. On 13 occasions over the course of 10 months, this value fluctuated between 42% and 89%; but the average value was Figure 2 . Reproducibility of the assay. Repeat mutation rate analysis of a BLCL from a normal donor and from a patient with ataxia-telangiectasia. Vertical axis, mutation rate (Â10 7 ) with a change in scale at 50; n, results from eight parallel cultures initiated on 1 day. Three cell lines were analyzed: a cell line from normal donor 2; cell line GM 13328, from a patient with ataxia-telangiectasia who had an elevated mutation rate; and cell line GM11255, from a patient with ataxia-telangiectasia who had a normal mutation rate. For each cell line, f was determined in the same bulk culture at multiple time points after sorting. The calculated value of l Â 10 again 61% over the 10-month period. This confirmed that at least in this type of cell, the PIG-A mutation is growth-neutral. Because time in culture did not affect l, we subsequently aimed to analyze the culture as soon as we had sufficient numbers of cells for analysis, and a significant number of cell divisions: typically 3 weeks after sorting.
Effect of plating efficiency on m. We sought to rule out the possibility that cell death early after the establishment of the culture or a low plating efficiency in bulk culture might result in an underestimate of d, and consequently, an overestimate of l. We therefore analyzed representative cell lines by simultaneously taking cell counts daily for 1 week after sorting as well as calculating l. An adjusted value of d (d a ) was calculated taking into account the plating efficiency as well as any early cell loss from the culture. The plating efficiency ranged from 52% to 100% and was not significantly different in the cell lines from normal donors compared with patients with cancer predisposition syndromes; also, the plating efficiency did not correlate with the calculated value of l ( Table 2) . d a did not differ from the originally calculated d by more than F26%, and the adjustment did not have a significant impact on the calculation of l. Similar to previous experiments, the purity of the sorted cells ranged from 97.6% to 99.6%.
Discussion
Here we provide an experimental determination of the mutation rate in humans, which historically has been exceedingly difficult to do. We show that the mutation rate in cells from normal donors is of the order of 2 to 30 Â 10 À7 mutations per cell division. To our knowledge, this is the first experimental determination of the normal range of the mutation rate in an endogenous gene in nonmalignant human cells.
Even for the measurement of the frequency of mutants in a population of human cells-i.e., to measure f, as distinct from lonly a few model genes have been used: hprt (25, 26), glycophorin A (GPA; refs 27, 28), HLA (29-31), CD3 (32) , and h globin (33) . This list of genes is extremely limited because for any potential ''sentinel gene'', a wide range of mutants must be viable, with a readily detectable phenotype, which can result from a single inactivating mutation. Using these genes as a sentinel, f was estimated to range from 2 to 30 Â 10 À6 (reviewed in ref. 33 ). However, because the respective genes are autosomal, the frequency of GPA and HLA mutants can be determined only in select individuals with specific allele combinations. Estimating the frequency of mutants in the Xlinked hprt gene by limiting dilution cloning and fluctuation analysis using this gene have been proposed as a way to measure l (34), although difficulties with this approach have been pointed out (35) . As a sentinel gene for measuring f, PIG-A has favorable characteristics similar to other candidate sentinel genes, and it has additional advantages that now enable us to measure l. Like hprt, PIG-A is on the X-chromosome (13) , and a mutant phenotype is therefore not complemented by the coexistence of a normal allele. As for GPA, the PIG-A À phenotype is identified by flow cytometry, facilitating elimination of mutants at the beginning of the experiment and rapid analysis of f after expansion in vitro. Because PIG-A is required for the display on the cell membrane of many GPIlinked proteins, by the simultaneous use of multiple antibodies specific for distinct GPI-anchored proteins we can exploit the ability of the flow cytometer to detect low-frequency populations resulting from spontaneous PIG-A mutations, whereas minimizing the number of ''false-positive'' events (10) . Mutants can coexist with wild-type cells in stable proportions in humans (17) and mice (18) , and PIG-A mutations are thought by themselves to be neutral with respect to the growth of the cells under most circumstances (36) . In contrast to recent studies modeling somatic hypermutation in a particular codon of an immunoglobulin gene (37), a broad spectrum of inactivating mutations in PIG-A can produce the GPI À phenotype (19) . We suggest that PIG-A provides a unique and attractive opportunity to measure the relationship between l and cancer.
Because mutations are stochastic events, random fluctuations can skew any measurement of f, on which our calculation of l depends. Because such drift effects are more prominent with small populations, we made an effort to minimize them by collecting a large number of GPI + cells. Specifically, we aimed to have a starting NOTE: Ataxia-telangiectasia (H) and (L) designates cells from donors originally determined to have high and low mutation rates, respectively. *Number of cells (in millions) immediately after sorting. cPlating efficiency calculated based on the regression curve of the log of the cell count plotted versus time. bNumber of cell divisions calculated using the initial and final cell counts as originally performed, as described in Materials and Methods.
x Adjusted number of cell divisions calculated based on the plating efficiency and the cell counts over the first week in culture. k Number of GPI + and GPI À cells based on analysis after expansion following sorting.
cell population >1/l, which we achieved in almost all cases. If plating efficiency were to be low, then the effects of drift would be more important and our estimate of d might be too low. However, repeated experiments on representative cell lines taking into account plating efficiency and early cell loss provided results that were consistent with the original analyses, suggesting that this effect is not prominent (Table 2) . Phenotypic lag-the delay between the acquisition of a mutation and the expression of the GPI À phenotype on the cell surface-may allow for a small proportion of the sorted GPI + cells to harbor a recently acquired PIG-A mutation. A similar effect is expected to result in an underestimation of f after expansion in vitro, and we expect that these effects will offset each other, assuming that the starting cell population is sufficiently large. Theoretically, the effect of phenotypic lag would be less pronounced with prolonged culture, but we did not observe any significant time effect on the calculation of l (Fig. 4) , suggesting that this effect may be small. Mutational drift and phenotypic lag might become important when testing individuals with a very low baseline mutation rate; but this problem can be minimized by increasing the size of the population of sorted GPI + cells. In common with techniques using GPA, the measurement of f depends to some extent upon how the flow cytometry gates are set. We used mixtures of GPI À and GPI + cells to best simulate the appearance of spontaneously arising PIG-A mutants (Fig. 1) , and we took considerable care not to include the tail of the distribution curve of the GPI + population within the GPI À gate. Indeed, our measurements of f in PIG-A in BLCLs and granulocytes from normal individuals (10) are similar to f for hprt, HLA-A, and GPA (33). Interestingly, our experimental measurements of l in BLCLs from normal individuals are remarkably similar to the theoretical estimate derived by Green et al. (38) for the in vivo mutation rate in lymphocytes. Therefore, whereas we cannot rule out that the process of EBV immortalization or growth in tissue culture media alters the mutation rate, we have found no evidence for this. Analysis for the simultaneous loss of three GPI-linked proteins probably maximizes the specificity of the analysis, and we have confirmed the presence of PIG-A mutants in spontaneously arising GPI À BLCL cells. Nevertheless, we cannot completely rule out the possibility of ''pseudo-mutants'' or ''phenocopies'', such as might occur if the PIG-A gene were to be transcriptionally silenced. However, because we found an inactivating PIG-A mutation in all GPI À clones subjected to sequence analysis, such an occurrence must be uncommon and not likely to significantly affect our estimate of l.
In Fanconi anemia, previous attempts to show hyper-mutability by analyzing f had yielded conflicting results (39, 40) , perhaps because f is not a good surrogate for l because d is affected by antigenic stimulation of lymphocytes, inflammatory conditions (41), or bone marrow failure-(42) which does occur in Fanconi anemia. We have now shown experimentally that l is elevated in Fanconi anemia as well as in some patients with ataxiatelangiectasia. In ataxia-telangiectasia, there is a wide range in the values of l, a result also seen in the distribution of f values in hprt and GPA (27, 43) , and we must infer that this disorder is heterogeneous in this respect, perhaps as a result of modifying genes (24) . Remarkably, in Nijmegen breakage syndrome, l is almost normal. In this condition, rearrangements of chromosomes 7 and 14 are common, and even more frequent than in ataxiatelangiectasia (44) (45) (46) . Perhaps in the pathogenesis of malignancy in Nijmegen breakage syndrome, chromosomal rearrangements are more important, and point mutations that inactive genes such as PIG-A occur at a normal rate. Alternatively, hyper-mutability in Nijmegen breakage syndrome might be elicited only in the presence of certain mutagens.
Our demonstration that l is elevated in patients with cancer predisposition syndromes provides experimental support for the notion that the mutation rate of individuals is associated with their risk of cancer. Considering the formula P = k(ld) n , it is clear that relatively small differences in l between individuals could have large effects on their relative probability of developing cancer, and our data support this model. Indeed, in patients with ataxiatelangiectasia, as a whole, the increase in l is only about 4-fold (see Fig. 3 ), but the relative risk of malignancy in patients with ataxiatelangiectasia has been estimated to be 61 to 184 (47) . Having shown that high l is associated with high cancer risk, we are now in a position to determine whether even smaller increments in l, e.g., within its range in normal people, may also correlate with an increased risk of cancer. In addition, the method we have described can be used to screen for agents that reduce cancer risk by modulating this most highly relevant biological variable.
